Abstract. The distribution of about twenty inorganic elements was traced in the skeletons of black corals of the Antipathes salix species. Electron microprobe and PIXE mappings revealed the peculiar structure of this material, composed of the large cells (arranged in annual rings), surrounded by thin layers with an elevated level of iodine (up to 5%). Our current knowledge of the chemical composition of these corals' skeleton is not complete. Essentially the organic skeleton is saturated with inorganic elements and several of these could be commercially important. In fact, they have never been investigated for biomedical applications. In this preliminary current work, black corals from the Antipathes salix species were studied with the aim of detecting the inorganic components of their matrix and their suitability as biomedical materials.
Introduction
Although white corals have been used as bone graft materials since the 1980s, the black corals are lesserknown relatives of their red and white counterparts. They live in much more severe conditions, very often in deep, shadowed and even cold waters. Due to their beauty and relative rarity, they are widely appreciated as collectors' items. Black coral colonies are now under world-wide protection. However with the example of the cultured white coral species in mind, the black corals can possibly be produced artificially. These structures, possibly with production methods similar to those reported for coralline species, can be cultured and bio-fabricated under controlled laboratory conditions [1] . Although the deep-water habitats of tropical and subtropical seas are their preferred locations, nevertheless some of them live in the unfavorable environment of northern or southern hemispheres fjords. The uniqueness of these black corals is that they are not symbiotic with algae (zooxanthellae) and for that reason they do not need sunlight. They are colonial organisms, however, they are not reef-building. The order Antipatharia (black coral) is divided into approximately 150 species of organisms. All species exhibit slow growth compensated for by a long life and low natural adult mortality [2] . Particular fragments (polyps) reach dimensions in a range between 0.5 to 5 mm however, the majority of samples are range between 1 to 2 mm [3]. Black corals can reproduce both asexually and sexually . In the context of our investigations, the asexual reproduction is more important. In this kind of reproduction, more living tissue is accumulated and, as a consequence, the skeleton is also secreted. The skeleton is arranged in a clear ring structure. Our knowledge of the chemical composition of the black corals' skeleton is rather poor and based only on the organic components of the matrix. It is commonly understood that the skeleton of black coral is a potentially valuable biomaterial. Unlike the skeletons of their red and white relatives, the skeleton of black corals is composed of organic matter. The material is called antipathin and is composed mainly of chitin and protein [4, 5] . Using the NMR technique, the organic content of the skeleton base of a similar species, Antipathes fiordensis, was estimated to be 70% protein, 10% chitin, 15% diphenol and 5% lipid [6] . The composition of the skeleton of Antipathes salix is somewhat different, with 54% protein and 15% chitin and small amounts (~4%) of o-diphenols, as 3,4-dihydroxyphenylalanine (DOPA). From a chemical point of view, this material is very similar to that of an insect skeleton [7] . The skeletons of Antipatharians are more elastic and less rigid than some other natural materials, including wood, bone, mollusk shell, and some insect skeleton. At the same time, the density of antipathin is higher than wood, and lower than shell or bone. High specific stiffness is often a bonus since it enables construction of strong and light skeletons [8] .
Essentially organic skeleton is, however, saturated with some inorganic elements and several of them seem to be unique. According to Goldberg et al. [9] they have, in fact, hardly been detected, analyzed or reported. Since some of the inorganic compounds seem to be important complementary components of the coral skeleton and are relatively rare (I, Br), the black corals from the Antipathes salix species were identified and studied with the aim of detecting the inorganic components of their matrix, estimating of their spatial distribution and their potential future applications.
Materials and Methods
Three samples of black corals of the Antipathes salix species were analyzed. They were collected from the Indian Ocean (large sample, diameter ~ 1 cm), from the Caribbean Sea (medium size, diameter ~4 mm) and the Gulf of Mexico (small, diameter ~ 1 mm). The kind and concentration levels of inorganic components included in the black coral matrix were measured using of three techniques: scanning electron microprobe at Lublin Catholic University, Poland; Xray synchrotron-based microprobe at LURE, France; and micro-PIXE facility at the Institute of Nuclear Physics, Cracow, Poland. The scanning electron microscope LEO 1430 VP was used in this study. The electron microscope is equipped with an Si(Li) detector, produced by Röntec. The energy resolution of the detector was measured for MnKα line and was equal to 180 eV. All the experiments were carried out with the accelerating voltage set at 20 keV and the beam current at 0.7 nA, to detect both medium-and low-Z element, including carbon. Since the surfacial distributions of the elements on the cross-sections were important in our study, we selected the mapping option. At the same time, the backscattered electron image of the analyzed location was stored. This related the chemical information to the geometrical locations on the sample surface. To visualize the images better and to extract the details, the image-processing program MicroImage 4.0 was utilized. µ-PIXE measurements were taken by the Cracow proton microprobe. The Van der Graaf accelerator is the basis of this device. The particle-focusing optics of the instrument are arranged using two doublets of magnetic quadrupole lenses, named the "Divided Russian Quadruplet". The demagnification factor is 17.7 for an applied working distance of 15 cm. The beam spot on the target was selected as 0.6 × 0.6 µm. The beam current on the target was ~1 pA. The applied protons with an energy of 2.5 MeV were deflected by ±250 µm in two dimensions on the sample by a magnetic scanning system. This system was installed in between the focusing optical system and the sample holder. The construction and working parameters of the Cracow PIXE device have been described in more detail by Lebed et al. [10] . The PIXE measurements complemented those taken by the electron microprobe, mainly due to the small background, which enabled an analysis of the trace elements. X-ray microdiffraction experiments were carried out at the Laboratoire pour l'Utilisation du Rayonnement Électromagnétique, Orsay (Orsay, Paris). The device was an end station at the D15 beamline on the DCI storage ring. Chevallier et al. [11, 12] described in detail both the construction and functioning of this station. The primary polychromatic beam was focused and monochromatized by the use of the Bragg Fresnel Multilayer Lens (BFML). The selected energy of the photons was about 15 keV. Next, the beam passed the input pinhole, reducing its diameter to 25 µm. The microdiffraction measurements were executed in transmission regimes. The diffraction images were registered on a 2D-CCD imaging plate, made by Fuji. This type of plate collects the diffraction image within ~40° of 2θ angle if it is placed ~10 cm outside the sample, perpendicular to the original direction of the X-ray beam. The hidden image was scanned from a plate by a Molecular Dynamic scanner and transformed to the image-type data file. The grey scale levels of the diffraction rings were read and integrated from the data in the file by the use of FIT2D software [13] .The results were quantified by the use of the Hitachi Polarized Zeeman Atomic Absorption Spectrophotometer, Model Z-8200, working in a flame mode. The small fragments of the samples, accurately weighted out, were dissolved in microwave digester Maxidigest MX 4350,. The samples were dissolved in two cycles of digestion with concentrated spectrally pure hydrochloric acid at a temperature of 60°C, then cooled, diluted to the assumed volume and analyzed. The method of the multiple standard additions was applied for quantification. The supplementary analysis of organic matrix was carried out by a Bomem MB-120 FTIR spectrophotometer.
Results and Discussion
The diffraction results confirmed the dominating role of chitin in the structure of black corals. Figure 1 compares the results of the diffraction measurements of different locations in the black corals carried out in Orsay with the standard chitin diffractogram (our own and those published by Zhang et al. [14] and Manoli et al. [15] . Due to the very restricted values of the so-called camera constant in the LURE instrument which translates into the narrow range of 2θ angles, we can compare only a very few reflexes. One of our measurements was taken inside the cell structure of the black coral, another in the location of the boundary zone. The much worse spatial resolution results from the less crystallized form of chitin in the black coral and the overwhelming presence of the noncrystalline organic matter. The FTIR measurements (Fig. 2) essentially confirmed the presence of chitin in the matrix.
The quantitative analysis of the inorganic content of the cationic constituents of black corals, by the use of ASA, provided the following results (Table 1) : The measurements gave extremely clear images of the distribution of particular elements in the skeletal tissue. Using the electron microprobe, the internal structure as observed on the transversal cross-section was revealed. The cells (~300 µm in size), composed of the dark transparent material, were surrounded by an adhering layer (~15 µm ) that was bright and opaque. They differed greatly in their inorganic composition. While iodine was clearly present in the gluing zone (Fig. 3c -bright strips) and the location of K was somewhat similar, the remaining inorganic elements (C - Fig. 3b , bright zones, Na, Mg, Al, Br) were concentrated mainly in the cells. Some inorganic elements present in the cells (Ca, Si, Cr, Fe) were located in the separate filament-like structures, ~35 µm. They were better observed by PIXE (not shown here). 
Conclusions
Proton Induced X-ray Emission (PIXE) analysis of the skeletons of two black coral species: Antipathes salix and Antipathes fiordensis showed the presence of 22 elements. Some of these occurred irregularly and were in rather negligible amounts (Cr, Mn, Ni, Sr, As and Pb) while others, Na (up to 2.9%), Cl (up to 2.4%, although, like Na, very variable), Br (up to 1.7%) and I (up to 4%) were present in much higher concentrations. This preliminary work, showing the distribution of inorganic elements on the transversal cross-sections of the black coral, is the first report published in the world literature. The matrix was composed of the organic matter that was organized around the minor (10-15%) but main component -the chitin. The imaging results showed a structure of highly organized biomaterial, with the patterned structure, arranged in the annual rings, composed of the cells. It was clearly shown optically and confirmed by chemical analysis that the structure of Antipathes salix comprises the internal zones of cells, surrounded by strips full of iodine (up to 5% of total weight of material in the selected locations).
